Abstract Identification of gene x environment interactions (GxE) for attention-deficit hyperactivity disorder (ADHD) is a crucial component to understanding the mechanisms underpinning the disorder, as prior work indicates large genetic influences and numerous environmental risk factors. Building on prior research, children's appraisals of self-blame were examined as a psychosocial moderator of latent etiological influences on ADHD via biometric twin models, which provide an omnibus test of GxE while managing the potential confound of gene-environment correlation. Participants were 246 twin pairs (total n=492) ages 6-16 years. ADHD behaviors were assessed via mother report on the Child Behavior Checklist. To assess level of self-blame, each twin completed the Children's Perception of Inter-parental Conflict scale. Two biometric GxE models were fit to the data. The first model revealed a significant decrease in genetic effects and a significant increase in unique environmental influences on ADHD with increasing levels of self-blame. These results generally persisted even after controlling for confounding effects due to gene-environment correlation in the second model. Results suggest that appraisals of self-blame in relation to inter-parental conflict may act as a key moderator of etiological contributions to ADHD.
toxicants, inter-parental conflict, parenting styles, and childhood maltreatment (Banerjee et al. 2007; Ellis and Nigg 2009; Nigg 2006; Nigg et al. 2010) . That said, crucial questions remain regarding how to understand these relationships between environmental variables and ADHD within the context of large and robust estimates of genetic effects.
Gene x Environment Interactions and Behavioral Genetic Models
One possible answer involves gene x environment interactions (GxE), which involve modification of genetic influences by environmental risk and protective factors. That is, the genetic and biological processes involved in the development of ADHD may vary across different types of environmental exposures. These environments may then serve to "activate" the specific genetic and biological mechanisms underlying ADHD. Specifically, the effects of quantitative trait loci (QTL) involved in ADHD may be context-dependent, such that different loci, and/or the expression of genetic processes that influence the disorder vary across different environmental exposures, effectively resulting in environments "turning on and off" specific genetic mechanisms that increase liability for the disorder.
In line with this, recent theoretical advances within behavioral genetics (see Purcell 2002) have shown that the genetic (A) and non-shared environmental (E) variance components contain not only their respective main effects but also variance due to GxE effects. In particular, Purcell (2002) noted that there are two types of GxE interactions that are captured in the traditional behavioral genetic models. These include (1) genetic x shared environment interactions (or AxC), and (2) genetic x non-shared environment interactions (or AxE). Moreover, while the former are captured in the additive genetic variance term in traditional twin studies, the latter are captured in the nonshared environmental variance term.
The expansion of the traditional behavioral genetic biometric framework for understanding GxE has a number of key advantages. First, the application of this framework may be particularly relevant for ADHD, for which numerous environmental risk factors have been identified (Banerjee et al. 2007; Nigg 2006) even though the environmental component of variance in behavioral genetic studies is consistently small to moderate in magnitude. Second, it provides an omnibus test of GxE effects for a particular environmental variable, as genetic influences are examined at the latent or composite level of analysis. This advantage stands in contrast to the more specific molecular GxE analyses, which typically examine individual genetic polymorphisms (Langley et al. 2008; Waldman 2007) and are thus likely to be explaining only a very small part of the causal chain of polygenic disorders like ADHD. Finally, the biometric framework detailed above would provide critical new information regarding the specific manifestation of any GxE (i.e., AxC, AxE, or both) between the environmental moderator of interest and ADHD. In other words, if a given environmental variable is involved in the etiology of ADHD via GxE, the biometric framework would be able to clarify whether interactions occur at the family-level (e.g., AxC interactions) or at the child-specific level (e.g., AxE interactions) or both. Application of this methodology to ADHD can thus help us not only confirm the existence of GxE in ADHD, but also illuminate how environmental variables, interact with genetic risk for ADHD. With this methodology in mind, the next steps then involve selection of potential candidate moderators for tests of GxE effects on ADHD.
Selection of a Moderator
While numerous environmental variables have been identified for ADHD, those related to the family environment are of particular interest, given the key role of the family environment in the development of behavioral and emotional regulation capacities ). Marital conflict (or inter-parental conflict as it has been most recently termed) in particular has been shown to be a robust predictor of child adjustment and behavior problems (Buehler et al. 2007; Grych and Fincham 1990; Grych et al. 2000) , including ADHD (Wymbs et al. 2008) . Further, the topics of marital disputes are thought to be differentially related to children's reactions and behaviors, such that conflicts about the child are linked to greater behavioral dysregulation in the child than are other sources of inter-parental conflict (e.g., financial concerns; Cummings et al. 2002 Cummings et al. , 2004 Harold et al. 2004) .
In line with this more child-centered perspective, it has also been suggested that youth perceptions and appraisals of inter-parental conflict play a critical determining role as to the effect of inter-parental conflict on youth behavior problems (Grych and Fincham 1990) . Indeed, a recent meta-analysis examining the impact of youth appraisals of inter-parental conflict are significant predictors of both child internalizing and externalizing problems (Rhoades 2008) . In regard to ADHD specifically, Counts and colleagues (2005) demonstrated that self-blame appraisals were robustly related to inattention and hyperactivity within a clinically-diagnosed sample of ADHD youth over and above a variety of other indicators of psychosocial risk, including parent psychopathology, socioeconomic status, and parenting stress.
Such findings thus provide a clear impetus for examining the relationship between self-blame and ADHD.
Notably however, self-blame is conceptualized as a set of cognitive processes and may not therefore constitute purely "environmental" contributors (i.e., both genetic and environmental factors may be contributing to self-blame appraisals). In line with this, recent work has shown that many "environmental" variables implicated in psychopathology are, in part, influenced by genetic factors (Kendler and Baker 2007) . Furthermore, examination of such "environmental exposures" have shown powerful GxE effects generally (i.e., stressful life events, see Caspi et al. 2003 ) and for ADHD specifically (i.e., psychosocial adversity, marital instability, see Retz et al. 2008; Waldman 2007) . Self-blame then represents a potentially potent exposure that may interact with genetic risk in the development of ADHD.
The purpose of the current study was examine how youth appraisals of self-blame in relation to inter-parental conflict influence the magnitude of genetic and environmental contributions to ADHD. We specifically examined how the genetic, shared, and non-shared environmental variance components of ADHD shifted in magnitude as a function of the extent to which children blamed themselves for their parent's conflicts. Evidence of shifts in genetic and environmental contributions to ADHD by self-blame may provide some initial evidence regarding the role of selfblame in the underlying causes of ADHD behaviors.
Method

Participants
Participants were child and adolescent twin pairs from the Michigan State University Twin Registry (MSUTR), an ongoing project examining genetic and environmental contributions to internalizing and externalizing psychopathology (Klump and Burt 2006) . Participants were recruited through state birth records in collaboration with the Michigan Department of Community Health (MDCH) and the Michigan Bureau of Integration, Information, and Planning Services (MBIIP; for a full description of recruitment procedures for the MSUTR, see Klump and Burt 2006) . Recruitment for the MSUTR is ongoing, but the current response rate is 61%. Parents gave informed consent for both themselves and their children and children provided informed assent. All research protocol was approved by the Michigan State University Institutional Review Board.
The current sample consisted of 246 6-to 16-year-old child and adolescent monozygotic (MZ) and dizygotic (DZ) twin pairs (total n=492 twins). This sample was composed of 120 MZ twin pairs (55 male-male, 65 female-female) and 126 DZ twin pairs (69 male-male, 57 female-female) that ranged in age from 5 to 16 years (M=10.2, SD= 2.6 years). Mothers ranged in age from 28 to 60 years (M= 41.7 years, SD=5.3 years). Participating families in the MSUTR were representative of individuals living in the mid-Michigan region in terms of racial identification (see Culbert et al. 2008) . Gross annual income was coded on an ordinal scale and was distributed within the sample as follows: under $20,000 (8.5%), $20,000-$40,000 (13.4%), $40,000-$60,000 (17.9%), $60,000-%80,000 (17.1%), $80,000-$100,000 (13.8%), and $100,000 or over (29.3%).
Zygosity Determination
Zygosity was established using physical similarity questionnaires administered to the twins' primary caregiver (Peeters et al. 1998) , as well as a research assistant who independently evaluated the twins on physical similarity indices. Zygosities were then compared between the participant and research assistant reports. Discrepancies were resolved through review of questionnaire data and twin photographs (when available) by one of the MSUTR principal investigators (KLK or SAB) or by DNA markers. On average, the physical similarity questionnaires used by the MSUTR have accuracy rates of 95% or better when compared to other methods (Peeters et al. 1998 ). Because of their high validity in assigning zygosity and their low-cost and ease of administration to large samples, physical similarities questionnaires, like the one used in the current study, are one of the most common methods for determining zygosity within the field of behavioral genetics (Iacono et al. 1999; Kaprio et al. 1978; Levy et al. 1997; Lichentenstein et al. 2002; Rietveld et al. 2000) . Importantly, misclassification of zygosity via physical similarities questionnaires would serve to decrease estimates of A and would thus attenuate all estimates of GxE effects.
ADHD Behaviors
Mothers of the twin participants completed the Child Behavior Checklist (CBCL; Achenbach and Rescorla 2001) to assess behaviors relating to ADHD. Mothers rated how often particular behaviors occurred during the past 6 months in each twin using a 3-point Likert scale (0=never true; 1=sometimes/somewhat true; 2=often true). The 7-item DSM-oriented scale for ADHD was selected for our analyses since its items were chosen to closely map onto DSM-IV criteria for ADHD. The items included "fails to finish things he/she starts," "can't sit still, restless or hyperactive", "impulsive or acts without thinking". The CBCL has demonstrated good reliability and validity (Achenbach and Rescorla 2001) . Additionally, receiveroperator characteristic analyses have shown the CBCL to be a robust predictor of clinically-diagnosed ADHD (Hudziak et al. 2004) . Internal consistency estimates in the current sample were adequate (α=0.88).
While age and sex based norms are available for CBCL scores, the raw scores for the DSM-ADHD scale were used in the current study, as recommended by the authors (Achenbach and Rescorla 2001) . Thus, the ADHD measure for each twin was the total raw score added across the seven ADHD items. The ADHD raw score was log-transformed prior to analysis in order to better approximately normality (skew following transformation=−0.13), as skewness may result in distorted estimates of moderation in the GxE analyses (Purcell 2002) . Additionally, the current sample was underpowered to example estimates separately by age and sex. The ADHD scale was then regressed on age and sex prior to analyses. The final score (with age and sex covaried) were then used in all model-fitting analyses (McGue and Bouchard 1984) .
Perceptions of Inter-parental Conflict
Appraisals of inter-parental conflict were assessed with the Children's Perception of Inter-parental Conflict scale (CPIC; Grych et al. 1992) . Each twin completed a separate CPIC. The 48 CPIC items were rated by participating twins on a three-point scale (1-3: true, sort of true, and false). Children completed the CPIC if they either: (1) lived with both biological parents, (2) lived with one biological parent/ guardian and a step-parent or other co-habitating adult, or (3) lived with one biological parent but had frequent contact with their other parent and often observed interactions between their parents to complete the CPIC. Children who had never lived with or interacted with a second parent or no longer had meaningful contact with a second parental figure were not included in the study (n=9 twin pairs). Of the included twin pairs, there were no differences between twins living in one-parent homes versus two-parent homes in terms of age, sex, or ethnicity (all ps>0.21) as well as in self-blame (p=0.38).
Because the CPIC was designed to be completed by school-aged children, the questionnaire was read to participating twins who were currently in the 5th grade or younger, or whose reading level was found to be lower than the 5th grade on a brief reading screen (Torgesen et al. 1999) . Based on exploratory and confirmatory analysis ), four empirically derived scale scores were computed-the main scale of interest being the 9-item self-blame scale. Sample items from the CPIC self-blame scale include "My parents usually argue about something that I do" or "It is usually my fault when my parents argue." Internal consistency measures were adequate (α=0.85).
Because our GxE analyses estimate genetic and environmental influences at each level of the moderator, small cell sizes across the range of continuous values of the moderator (i.e., self-blame scores ranged from 9 to 27) would result in imprecise estimates of genetic and environmental influences (Purcell 2002) . As a result, several data preparation steps were necessary to complete the analyses. Data were first trichotomized into low, moderate, and high levels of self-blame, so as to more meaningfully estimate genetic and environmental effects at each broad level of self-blame. A trichotomized scale was favored here to maximize power for estimating genetic and environmental influences by placing a minimum of 100 twins within each level (low/medium/high). The lowest third of the distribution was assigned a score of zero (n=128, M self-blame score on floored scale=0); the middle third was assigned a score of 1 (n=156, M=2.1, SD=1.6), and the highest third was assigned a score of 2 (n=175, M=3.7, SD=1.9). This trichotomized self-blame variable was used in all model-fitting analyses.
Data Analyses
Behavioral genetic analyses make use of the difference in the proportion of genes shared between reared-together siblings. Utilizing these differences, the variance within observed behaviors is partitioned into three components: additive genetic, shared environment, and non-shared environment plus measurement error. The additive genetic component (A) is the effect of individual genes summed over loci and any AxC, and acts to increase twin correlations relative to the amount of genes shared. The shared environment (C) is that part of the environment common to siblings that acts to make them similar to each other. The non-shared environment (E) encompasses environmental factors (and measurement error) differentiating twins within a pair, as well as any AxE.
GxE Models Whereas GxE may be characterized as psychosocial sensitivity to genetic risk, gene-environment correlation (rGE) represents genetic control of exposure to different environments. For example, a child with ADHD may be more likely to evoke conflict between his or her parents (Whalen and Henker 1999) , and thus be more likely to attribute blame regarding this conflict to him or herself. Thus, a child's genetic proclivities could elicit an response that is consistent with his/her genetic make-up (referred to as an evocative rGE). rGE can resemble GxE in moderator models and represents an important confound (i.e., genetic influences on ADHD could vary across levels of self-blame because the "moderator" is correlated with genetic risk for ADHD).
Given this, Purcell (2002) proposed two GxE models: the first model examines GxE regardless of rGE (i.e., "straight" GxE model); the second model examines GxE in the presence of rGE. In order to test for GxE effects while also considering the possible impact of rGE, we conducted two sets of analyses. We first examined the univariate or "straight GxE" model to estimate genetic and environmental influences on ADHD at each level of the moderator. This model provides a test of GxE but does not allow us to consider possible genetic overlap between the moderator and the outcome. Next, we conducted the GxE in the presence of rGE model, thereby allowing us to both confirm the presence of GxE, and evaluate the impact of rGE on these effects. It is important to note that the "straight" GxE and the GxE in the presence of rGE models are not nested, and thus their results cannot be statistically compared. However, conceptual comparisons of the results could prove useful for furthering our understanding of the issues mentioned above.
The "straight" GxE model encompasses three nested moderator models. The first and least restrictive model allows for both linear and non-linear moderation of the genetic, shared, and non-shared environmental contributions (i.e., a, c, e) to ADHD. At each level of self-blame, linear (i.e., A 1 , C 1 , E 1 ) and non-linear (i.e., A 2 , C 2 , E 2 ) moderators are added to these genetic and environmental paths using the following equation:
2 . We then fit a series of more restrictive moderator models, constraining the moderators for each source of etiological influence to be zero and evaluating the reduction in model fit. As recommended (Purcell 2002) , the current models were run a minimum of 5 times using multiple start values to ensure that all the estimates obtained minimized the −2lnL value. We next evaluated GxE effects while accounting for rGE. This GxE in the presence of rGE model is essentially a reformulation of the standard behavioral genetic bivariate model, such that the moderator is entered twice-as a dependent variable and as a moderator variable. Influences on ADHD are then partitioned into two sources of genetic influence (as well as two sources of shared and two sources of non-shared environmental influence): (1) variance shared with the moderator, and (2) variance that is unique to ADHD (i.e., that residual variance in ADHD that does not overlap with self-blame). The moderator (i.e., self-blame) is then allowed to moderate both the genetic and environmental covariance paths between self-blame and ADHD as well as with the genetic and environmental paths unique to ADHD (Purcell 2002) . Only the latter index "true" GxE (i.e., controlling for rGE).
Mx (Neale et al. 2003 ) was used to fit models to the transformed raw data. Because these interaction models effectively involve fitting a separate biometric model for each individual as a function of their self-blame score, they both require the use of Full-Information MaximumLikelihood raw data techniques (FIML). Missing data was generally low for this sample (less than 6.8%). Morevoer, missingness (data coded as present versus absent for the ADHD and CPIC self-blame scores) was unrelated to family constellation, age of twins, age of mother, parental education, or parental income (all ps>0.31). FIML raw data techniques produce less biased and more consistent estimates than do other techniques, such as pairwise or listwise deletion (Little and Rubin 1987) . FIML assumes that the data are missing at random and are thus ignorable.
When fitting models to raw data, variances, covariances, and means of those data are first freely estimated by minimizing minus twice the log-likelihood (−2lnL). For the "straight" GxE model, the minimized value of −2lnL in the full moderation model is compared with the −2lnL obtained in more restrictive moderator models to yield a likelihoodratio χ 2 test for the significance of the moderator effects. Non-significant changes in chi-square indicate that while both models fit the data equally well, preference is given to the more restrictive model (i.e., that model with fewer parameters and thus more degrees of freedom), as it does not result in a significant reduction in fit. The chi-square was then converted to the Bayesian Information Criterion (BIC) so as to measure model fit relative to parsimony. The lowest BIC among a series of nested models is considered best. BIC was used to determine the best-fitting model as it is one of the most commonly used indices within the field of behavioral genetics (Markon and Krueger 2004) and because it weighs parsimony most heavily.
Results
Intraclass Correlations
Intraclass correlations were first compared across MZ and DZ pairs in order to preliminary gauge the relative influence of genetic and environmental influences on ADHD (see Table 1 ). For the overall sample, the MZ correlation was significantly greater than the DZ correlation and therefore highly suggestive of genetic influences on ADHD. In order to assess potential moderation of genetic and environmental influences on ADHD by self-blame, we also examined intraclass correlations at various levels of self-blame. To do so, we restricted analyses to those twin pairs who were concordant for moderator level; the sample sizes are thus small relative to the overall sample. Of note, while twins are required to be concordant on the moderator to examine potential etiological moderation using intraclass correlations, twins do not have to be concordant on the value of the moderator when using structural equation modeling techniques in Mx (and thus the full sample was used for all subsequent analyses).
Results indicate that when both twins reported low levels of self-blame, the MZ-DZ correlation difference, and thus the estimate of genetic influences, was large. As reports of self-blame increased, the DZ correlation dropped moderately, whereas the MZ correlation decreased substantially. The decreasing difference between the MZ and DZ correlations implies that genetic influences may decrease with increasing self-blame. Moreover, the decreasing MZ correlation implies that non-shared environmental influences increase with increasing levels of self-blame. Such results collectively suggest that self-blame may indeed act to moderate genetic and environmental influences on ADHD.
Additionally, cross-twin, cross-trait correlations were also computed to examine the overlap between self-blame and ADHD (which would point toward potential rGE). Results indicated small but significant cross-twin cross-trait correlations for both MZ (r=0.18, p<0.05) and DZ twins (r=0.15, p<0.05), indicating potential rGE effects.
"Straight" GxE Analyses Test statistics for the "straight" GxE analyses are reported in Table 2 . Results indicated that the linear moderation model best fit the data. Thus, self-blame appears to be a significant linear moderator of the genetic and environmental contributions to ADHD. In order to examine the nature of this etiological moderation, we used the estimated paths and moderators from the best-fitting linear model (see Table 3 ) to calculate and plot the unstandardized genetic, shared, and non-shared environmental variance components at each level of self-blame. Unstandardized parameter estimates are favored here in order to examine absolute (rather than proportional) shifts in each parameter across each level of the moderator (as recommended by Purcell 2002) . Figure 1 displays the unstandardized estimates of genetic, shared, and non-shared environmental variance components for ADHD at different levels of self-blame. As seen there, when self-blame scores are low, genetic influences on ADHD are quite large, with small to moderate contributions from the non-shared environment. As self-blame scores increase, however, the absolute genetic variance appears to decline sharply, whereas the unique environmental variance appears to increase substantially. Moreover, as indicated by moderator estimates whose confidence intervals do not overlap with zero (see Table 3 ), both the increase in non-shared environmental factors and the decrease in genetic factors were statistically significant.
GxE in the Presence of rGE
We next examined GxE while also considering potential rGE confounds. In this model, the moderator (self-blame) is entered twice so that it can be examined as both a dependent variable and as a linear moderator (see Fig. 2 ). Moderation is estimated for the genetic and environmental overlap between self-blame and ADHD (i.e., the covariance paths) as well as for the genetic and environmental contributions to ADHD that do not overlap with those for self-blame. The key estimates of interest in the current study involve the latter (i.e., those effects unique to ADHD).
The full ACE GxE in the presence of rGE model provided an adequate fit to the data (−2lnL=2109.682, df= In the main effects model, genetic, shared, and non-shared environmental parameter estimates do not vary by self-blame. In the linear model, genetic and environmental parameter estimates vary linearly. In the non-linear model, parameter estimates vary linearly and quadratically. Each model is compared with the preceding model when calculating the change in χ 2 and degrees of freedom. Non-significant changes in chi-square indicate that the more restrictive model (i.e., that model with fewer estimated parameters and therefore more degrees of freedom) provides a better fit to the data. Lower or more negative values of BIC also indicate the best-fitting model. By these criteria, the linear moderation model fit the data best Table 4 . Importantly, self-blame was predominately influenced by non-shared environmental factors, accounting for 72% of the variance. The remaining variance was due to genetic factors, a portion of which overlapped with ADHD (path estimate=0.489, p<0.05). Such findings indicate that there is significant genetic overlap between self-blame and ADHD (i.e., rGE) which may be influencing our previously observed "GxE". In order to rule out this possibility, we next examined etiological moderation of that variance that is unique to ADHD. Importantly, results were generally similar to those reported above. Examination of the confidence intervals revealed significant contributions from both genetic and non-shared environmental factors to ADHD at low levels of self-blame. However, the more children blamed themselves for their parent's conflict, the more these genetic contributions decreased. Although this overall pattern replicates that from the prior model, the effect was clearly more muted than in the prior model (and was no longer significantly greater than zero, as seen by the non-significant A 1 value in Table 4 ). Non-shared environmental influences on ADHD continued to increase substantially (and significantly so) with increasing levels of self-blame (see Fig. 2 ).
As can be seen in Fig. 2 , the shared environmental path estimates as well as moderation paths of the shared environmental variance unique to ADHD were all estimated to be zero. Thus, we re-ran the rGE in the presence of GxE model fixing all the shared environmental paths to zero. Fixing these paths resulted in a slight improvement in fit, as indicated by the more negative BIC value (−2lnL= 2119.733, df=836, BIC=−1179.328, RMSEA <0.001). Unsurprisingly, the moderation of E remained significant when C was constrained to be zero. However, moderation of the unique genetic variance in ADHD was once more statistically significant, results that are likely a function of the tightened confidence intervals following the dropping of five paths, especially given our small sample size. Such results indicate that there may be some (albeit small-tomoderate) moderation of genetic effects on ADHD by self-blame even after controlling for rGE. Paths and moderators are presented; their 95% confidence intervals are presented below them in brackets. A, C, and E (both upper and lower case) represent genetic, shared, and non-shared environmental parameters, respectively. In the left portion of the table, the path estimates (i.e., a, c, and e) are presented. Because self-blame was trichotomized and those with scores within the lowest third of the distribution were coded as zero, these estimates function as intercepts. Accordingly, the genetic and environmental variance components at low levels of self-blame can be obtained simply by squaring these path estimates. At each subsequent level of self-blame, significant linear (i.e., A 1 , C 1 , E 1 ) moderators were added to these genetic and environmental paths using the following equation: . The variance component estimates calculated this way are presented in Fig. 1 . The quadratic moderation terms (e.g., A 2 , C 2 , E 2 ) are not included as the linear model provided the best fit to the data (and are thus zero in the above equation). * indicates that the estimate is statistically significant at p<0.05 Moderation analyses revealed that the increase in unique environmental contributions to the variance in ADHD (E) was significant. The decrease in genetic contributions to ADHD with increasing levels of self-blame was only significant when all shared environmental paths (C) were constrained to be zero
Evaluating the Impact of Comorbidity
Due to the high rates of co-occurrence between ADHD and other child behavior disorders, additional analyses were conducted to examine the potential impact of comorbidity on the current findings. That is, we evaluated if the effects that emerged in the current study are specific to ADHD. Two strategies were implemented: first, we re-examined both GxE models after removing cases with CBCL scores in the clinical range (i.e., T>65) on the DSM-IV ADHD scale and an additional DSM-IV scale, including the DSM-IV Oppositional Defiant Disorder scale (ODD, n=24), Conduct Disorder scale (CD, n=22), and the Anxiety Disorder scale (n=3). Removal of these cases did not impact the modelfitting results or the pattern of GxE effects. Secondly, we re-examined the GxE models after regressing the ADHD score on the other CD DSM-IV scale scores (i.e., ODD, CD, and Anxiety) in order to parse out the overlapping variance. Model results were largely similar, however, the decrease in genetic effects observed in both GxE models was no longer significant. However, the increase in non-shared environmental influences observed at high levels of self-blame remained significant, indicating that this effect may be specific to ADHD.
Discussion
Despite high estimates of genetic effects for ADHD, prior research has consistently demonstrated that the variables related to the family environment and particularly those regarding the role of inter-parental conflict, remain important predictors of ADHD. The aim of the current study was to investigate self-blame as a moderator of genetic and environmental influences on ADHD. Results indicated that non-shared environmental influences on ADHD increase with higher levels of self-blame, while genetic influences on ADHD decrease. These results persisted even when controlling for potential rGE effects. Results indicated that the contribution of non-shared environmental factors to ADHD continued to significantly and substantially increase with increasing levels of self-blame. The decrease in genetic contributions to ADHD with increasing levels of self-blame also persisted somewhat (although only significantly so when shared environmental effects were constrained to be zero).
This caveat regarding the significance of decreases in genetic effects in the rGE model deserves some additional comment. We suspect this difference is likely due to differences in the absolute value of genetic variance in ADHD across the two models. As can be seen from Figs. 1 and 2, the absolute level of genetic variance within ADHD appears to be smaller after accounting for genetic overlap between ADHD and self-blame (using a visual comparison only, since the two models are not nested and thus cannot be statistically compared). This conclusion is also bolstered by the bivariate results indicating significant genetic correlation between self-blame and ADHD. Importantly, however, even when taking into account this genetic overlap, the moderation on the unique environmental effects for ADHD by self-blame remained significant.
The notion of a risk factor reducing genetic effects on ADHD stands in contrast to many previous reports of GxE effects, which have reported increased risk for the disorder within particular environmental contexts (Todd and Neuman 2007; Waldman 2007) . While it remains unclear what accounts for these discrepancies, one possibility is that selfblame simply functions differently than other risk factors. This possibility is bolstered by previous work on GxE in personality, which found that for some environmental risk factors, higher levels of risk may actually attenuate as opposed to enhance genetic influences (Burt 2008) . That is, Paths and moderators are presented; their 95% confidence intervals are presented below them in brackets. A, C, and E (both upper and lower case) represent genetic, shared, and non-shared environmental parameters, respectively. In the left portion of the table, the path estimates (i.e., a, c, and e) are presented. Because self-blame was divided into tertiles and those with scores within the lowest third of the distribution were coded as zero, these estimates function as intercepts. Accordingly, the genetic and environmental variance components at low levels of self-blame can be obtained simply by squaring these path estimates. At each subsequent level of self-blame, significant linear (i.e., A 1 , C 1 , E 1 ) moderators are added to these genetic and environmental paths using the following equation: . The variance component estimates calculated this way are presented in Fig. 2 . * indicates that the estimate is statistically significant at p<0.05 some (particularly potent) risk factors may act as etiological "main effects", with relatively little or no contribution from genetic factors. This may be particularly true for psychosocial risk factors, like self-blame, which likely reflect the proximal end result of multiple risk processes.
While the notion of environmental "main effects" remains important, it is also noteworthy that even as nonshared environmental influences on ADHD increased at higher levels of self-blame, genetic contributions to ADHD behaviors remained significant. In short, even with higher levels of influence from non-shared environmental factors, the genetic contribution to ADHD behaviors remained significantly different from zero. This result may indicate that among the multiple genes influencing ADHD, some may be involved in GxE processes, whereas others may continue to exert a main effect on ADHD regardless of the level of environmental risk.
While our results require replication, the current project was strengthened by several factors. First, self-blame regarding inter-parental conflict was assessed from the child's perspective. This is advantageous both because the child's understanding of inter-parental conflict has been shown more predictive of child adjustment problems than parental report of inter-parental conflict , but also because our use of child self-reports for the moderator allowed us to circumvent shared informant variance (since we examined maternal-reports of ADHD). Moreover, because each child reported on his or her own self-blame, the moderator was free to vary across twins, allowing us to examine and control for possible rGE. This explicit examination of rGE provides additional assurances that the GxE effects observed here are "real" (or at least not due to rGE). Similar analyses would not be possible if only parent report were used, as parental reports of their own conflict would not vary across twins. This represents an important step forward in behavioral genetic modeling of GxE effects.
Implications
The results of the current study demonstrate that when children blame themselves for their parent's conflict, genetic influences on ADHD are less important. This finding suggests that the large genetic influences previously reported for ADHD may vary, at least somewhat, as a function of the level of psychosocial risk. One possible explanation for these findings is that genetic influences are more likely to be expressed as main effects in the absence of psychosocial challenges (see Burt 2008) . Future molecular GxE investigations of ADHD may thus benefit from examining the strength of association between genetic markers and ADHD in a lowrisk environmental context. Next, our results indicated that non-shared environmental influences on ADHD are enhanced when children blame themselves for their parents' conflicts. Several potential processes may be underlying this result. First, this effect may reflect an overall increase in the importance of unique environmental factors on ADHD. This idea is consistent with prior work demonstrating that individual environmental risk factors are not as predictive of child psychopathology as are the aggregate of multiple environmental risk factors (Rutter 1999) . For example, youth reporting higher levels of self-blame may also experience greater conflict with their parents as well as may experience more inconsistent discipline from parents, both of which have been linked to ADHD.
A second possible explanation for the increase in nonshared environmental variance is that contributions from AxE to ADHD are potentiated at high levels of self-blame. As illustrated earlier, AxE load on the unique environmental variance component. This increase in E may thus be signaling additional child-specific interactional processes that are influencing ADHD behaviors. This explanation is consistent with developmental and family process research that has documented biological, psychological, and emotional changes in children who report high levels of selfblame and threat in relation to inter-parental conflict (Rhoades 2008) . Lastly, the increase in E observed at higher levels of self-blame may actually reflect an increase in measurement error of parent-reports of ADHD symptoms, as error also loads on the non-shared environmental variance term. While unlikely that all effects are solely due to measurement error, extension of findings to additional informants would aid in ruling-out this possibility.
Furthermore, due to the use of child-reports of self-blame, we were able to estimate and control for effects due to rGE, including potential evocative rGE (i.e., children with higher levels of ADHD behaviors may cause greater conflict among parents, which in turn, leads to higher levels of self-blame in children). Although we could not directly test this evocative process per se, the GxE in the presence of rGE model was able to control for any potential effects due to rGE in general, including effects that may be due to the evocative rGE process described above. In fact, we did find evidence of genetic overlap between self-blame and ADHD, indicating the potential possibility of evocative rGE. However, greater indepth examination of the developmental relationships between self-blame appraisals and ADHD may be of particular importance given the current findings.
The findings of the current study also shed light on how "environmental" variables may be conceptualized in tests of GxE effects. Self-blame appraisals were predominately influenced by non-shared environmental factors (72%), with additional and significant genetic influences as well (28%). Such findings are in line with a recent review indicating that many "environmental" risk factors are, in part, influenced by genes (Kendler and Baker 2007) . Future work examining the interplay of genetic and environmental factors thus has great potential to elucidate the mechanisms by which both biological and psychosocial processes contribute to the etiology of complex behavioral phenotypes, such as ADHD.
Lastly, study results point to a potentially important role of environmental factors in the etiology of ADHD. In line with previous work, we found negligible shared environmental main effects for ADHD (Bergen et al. 2007; Burt 2009 Burt , 2010 Nikolas and Burt 2010) , but uncovered a potentially important role of non-shared environmental factors for the disorder. Despite the absence of shared environmental main effects, these variables may continue to operate for ADHD via AxC. Future GxE studies which examine the role of environmental factors (both shared and non-shared) via behavioral genetic modeling may offer great benefits for understanding the specific etiological function of different environmental exposures in the development of ADHD and other disorders.
Limitations
There are some limitations of the current work that are important to note. Our sample was underpowered to examine estimates of latent genetic and environmental influences by sex or by age. As a result, we regressed the effects of sex and age out of ADHD prior to analysis (a common practice in the field of behavioral genetics; see McGue and Bouchard 1984) . Future work should seek to examine potential sex-specific and age-specific or developmental effects in a larger sample. Additionally, our analyses required categorization of self-blame into tertiles. Although results were consistent when using dichotomous and quartile parsings, our sample was underpowered to examine moderation at each individual self-blame score.
Further, our study examined the DSM-oriented ADHD scale on the CBCL rather than DSM-IV symptoms of ADHD. While high scores on DSM ADHD scale have been shown to align with diagnosis of ADHD (Hudziak et al. 2004) , the use of the CBCL limited our ability to examine ADHD symptom dimensions separately (i.e., inattention and hyperactivityimpulsivity). This may be of particular importance given recent findings signaling etiological differences between ADHD symptom dimensions (Martel and Nigg 2006; Nikolas and Burt 2010; Sonuga-Barke 2005) . Additionally, our sample was restricted to the use of the DSM ADHD scale on the CBCL and therefore did not include comprehensive assessment of ADHD (e.g., use of multiple informants, evaluation of clinical comorbidities). Future work aiming to replicate these findings would benefit from the use of teacher ratings as well as examining whether GxE effects are specific to ADHD or common across a variety of clinical comorbidities. Parsing out the variance due to other symptom dimensions and disorders using regression prior to biometric model fitting may be particularly helpful in future behavioral genetic studies of GxE effects.
Similarly, the majority of our participants were Caucasian; thus, the generalizability of our findings regarding selfblame appraisals to other cultures and societies requires further investigation. Furthermore, our study, like all behavioral genetic investigations, relies on the Equal Environments Assumption, which posits that identical twins reared together are no more likely to share environments than are fraternal twins reared together. This assumption has been examined and validated for numerous phenotypes (Plomin et al. 2008) , including ADHD (Cronk et al. 2002) . Even so, the Equal Environments Assumption remains an assumption and thus a potential limitation to our findings.
Lastly, our study relied in part on the GxE in the presence of rGE model advanced by Purcell (2002) . The mathematical accuracy of this model has recently been scrutinized by Rathouz and colleagues (2008) , who suggested that a correlated factors model was more appropriate for examining GxE in the presence of high levels of rGE (although this model has yet to be thoroughly tested). At this time, it remains unclear whether small-tomoderate levels of rGE (such as those examined here) influence GxE estimates using the Purcell (2002) model (Rathouz, personal communication, July, 2009) ; future studies are planned to examine this possibility. Regardless, our results are not likely to be a function of any potential problems with the Purcell (2002) rGE model, as our conclusions extended to the univariate or "straight GxE" model results as well (which is not affected by the potential problems noted by Rathouz et al. 2008 ).
Conclusions
In sum, the data convincingly showed that negative cognitive appraisals (e.g. self-blame) made by children in relation to inter-parental conflict enhanced non-shared environmental contributions but reduced genetic contributions to ADHD. Such findings not only support additional examinations of family factors as moderators of genetic and environmental contributions to ADHD, but also highlight the need for an evaluation of self-blame as a moderator of genetic risk in molecular genetic GxE studies of ADHD.
